The effect of low dose proton irradiation on the morphology of ultra high molecular weight polyethylene (UHMWPE) was studied. The integral proton dose was ranging from 900 Gy to 1200 Gy. The experimental data revealed that low dose proton irradiation in the presence of oxygen leads to the formation of intermolecular crosslinks in UHMWPE and that proton irradiation produces morphological changes that involve a reduction in the thickness of the interfacial region and increase in the thickness of the amorphous region. The observed morphological changes depend on the integral dose.
Introduction
The radiation component of the space environment consists of accelerated particles such as electrons, protons, and heavy ions. As most electrons and heavy ions have a reduced penetration depth, they will be stopped in the spacecraft skin. Energetic protons, neutrons, and a reduced number of high-energy heavy ions are able to penetrate and to affect the instruments and the humans present within the spacecraft. The energy deposited by these particles along their incident trajectory is capable of producing chemical and physical alterations in shielding materials and operating devices. In the case of humans, the energy deposited by the incident particles in tissues triggers the formation of free radicals leading to alternative reaction pathways. To protect astronauts and sensitive devices during space missions, it is necessary to use materials capable of absorbing or degrading the energy of impinging particles without undergoing significant changes in their chemical or physical properties. Polyethylene has great potential as shielding material for space application due to the high hydrogen content, simple elemental composition, reduced weight, multifunctional capabilities (may also act as a structural element), and an elemental composition not susceptible to release neutrons through nuclear reaction or to result in activated nucleii. In addition, the availability of high molecular mass polyethylene such as ultra high molecular weight polyethylene (UHMWPE) will further enhance the shielding and structural capabilities of this polymer.
The interaction between polymers and ionizing radiation triggers localized short term modifications such as electronic excitations, ionizations, ion-pair formation and radical generation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . These short-term and localized changes triggered in polymers by ionizing radiation initiate the scission of the macromolecular chain [12, 13] . If molecular motions are not frozen, then recombination reactions initiate the crosslink of the irradiated polymer. Overall, the effect of ionizing radiation is to initiate competing scissions and cross linking reactions that are capable of modifying the physical properties of polymers under irradiation, at macroscopic scale. The balance between scissions and cross linking reactions occurring in polymers subjected to ionizing radiation depends on the irradiation temperature (irradiation at low temperatures favors scission reactions while the irradiation at high temperaturestypically above the glass transition temperature-favors chain cross linking reactions [14] ) and the presence of oxygen (the presence of oxygen favors chain scissions processes).
Fig. 1.
Irradiation effects on polyethylene [13] .
The main changes initiated by ionizing radiation in polyethylene are illustrated in Fig.  1 . When disproportionation is the dominant termination step, chain scission prevails. A preference for the recombination of radicals as the termination step leads to formation of intermolecular cross-links. Both chain scission and chain cross-linking processes are affecting the physical and chemical properties of polymers such as mechanical properties (tensile strength, elongation at break, Young modulus, hardness, and wear), thermal properties (glass and melting temperatures), and chemical solubility. Owing to the low glass transition temperature of polyethylene, dominant crosslinking reactions are expected to occur in irradiated polyethylene [12, 13] .
The presence of molecular oxygen shifts the equilibrium between scissions and cross-linking radiation induced chemical reactions towards scissions. Eventually, the molecular oxygen may completely prevent the formation of cross-links by reacting with the radicals [12, 15] . As a consequence, the presence of molecular oxygen during irradiation leads to a higher degree of chain scission and deterioration of mechanical properties. While in bulk polyethylene, chain scission processes have a significantly lower probability to occur than chain cross linking reactions, we have observed [15] peroxy free radicals that demonstrate the presence of scission reactions (oxygen mediated) in very thin films of polyethylene irradiated in vacuum with accelerated ions and exposed to air as soon as the irradiation stopped.
However, such modifications occur solely at the surface of polyethylene bulk samples irradiated in air. The thickness of this degraded surface layer depends on the oxygen diffusion in polymer and increases as the irradiation/storage temperature is increased.
In an inert environment, at room temperature, intermolecular cross-linking is the main long term modification triggered by ionizing radiation in bulk polyethylene. Studies of gamma irradiated UHMWPE [13] revealed the competition between radiation-induced scissions, radiation-induced cross-linking reactions, and oxygen-induced (or mediated) scissions (for irradiation performed in air). While at the interface polymerair, the scission reactions would prevail, in bulk samples the radiation induced crosslinking is expected to be the dominant effect.
Recent work from our laboratory showed [16] that the changes of the mechanical properties of the gamma-irradiated polyethylene derives from radiation-induced changes of the morphology [3] and average molecular mass of polyethylene [16, 17] . In the present work, wide-angle x-ray diffraction, small angle x-ray scattering, and differential scanning calorimetry were used to study the morphological changes induced by low dose proton irradiation. Swelling experiments were used to ascertain the formation of intermolecular crosslinks.
During space missions, polyethylene and polyethylene based composites are used as structural materials (habitats or astronaut's suit), radiation shielding materials, and electrical insulators. For satellites and short term missions around the Earth, the main sources of radiation-induced modifications are electrons and protons trapped within Van Allen belts. For protons with energies ranging between 1 MeV and 100 MeV, the omnidirectional flux increases from about 10 6 protonsm -2 s -1 at altitudes larger or equal to 7 Earth radii (r E ) to about 10 11 protons m -2 s -1 , for protons confined at altitudes of the order of 3 r E [18] . Protons with energies larger than 100 MeV have a significantly lower flux (increasing from 10 4 protonsm -2 s -1 at altitudes of about 3 r E to about 10 8 protonsm -2 s -1 , for protons confined at altitudes lower than 2 r E ) [18] .
For space missions within our solar system, the radiation component of the space environment is dominated by solar energetic particles solar (solar flares and solar wind) and galactic cosmic rays. Galactic cosmic rays consist of over 85 % protons accelerated at energy ranging between 10 MeV and 10 12 MeV [19] , with integral particle fluxes of about 10 4 protons m -2 s -1 and average annual fluence of about 10 12 proton sm -2 [20] . Solar energetic particles are mostly composed of protons accelerated at energies ranging 10 MeV and 1000 MeV. The flux of protons during a solar flare can reach up to 10 9 protonsm -2 s -1 generating a real threat for astronauts in lightly shielded spacecrafts or spacesuits [21] .
Results and discussion

Wide Angle X-ray Diffraction (WAXD)
As a technique, WAXD allows the probing of the structure of crystalline polymers. When the polymer chains are arranged in an ordered lattice or unit cell, sharp diffraction peaks of intense scattering occurs along certain reflection planes. Both PE and UHMWPE are characterized by a high degree of crystallinity due to the ordered packing of macromolecular chains, which are organized into an orthorhombic crystal with a=0.7417nm, b=0.4945nm, and c=0.2547nm. The principal diffraction planes for polyethylene are (110) and (200) [22] . The degree of crystallinity, W C,X has been determined by WAXD based on invariance of the total coherent scattering [22] : where I hkl is the integrated intensity of the corresponding [hkl] diffraction peak and I A the amplitude of the amorphous broad peak [22] . The crystallinity of proton irradiated UHMWPE decreases slightly as the energy deposited within the sample is increased.
It is important to notice that in fact the degree of crystallinity, W C,X as estimated from WAXD, contains both the contribution of crystalline domains and interfaces. The interface between amorphous and crystalline domains has a defected crystal structure that can be described as a randomly oriented collection of very small crystallites. As long as these distortions are not extremely large, these crystallites are responsible for diffraction lines located exactly as the same position as the diffraction lines corresponding to crystalline domains. The sole difference will reside in the fact that the interface will superimpose some broader lines on the narrow crystalline diffraction peaks. While integrating the whole diffraction peaks, the contribution of the interphase is considered in the estimation of the total degree of crystallinity.
The crystal thickness has been estimated from the width of WAXD lines, by using [18] :
where λ is the wavelength of the incident radiation (0.15405 nm), θ is the diffraction angle, B M is the full width at half maximum at the line diffracted at the angle θ, and b is an instrumental width. A decrease of the crystal thickness from about 40±5 nm to 34±5 nm has been observed. The long period of the crystal is slightly decreased by irradiation (see Figure 2) . The relatively large errors in the estimation of the crystal thickness reflect also the contribution of the interface, which broadens the diffraction peaks.
Fig. 2.
Three-phase crystallite model.
Differential Scanning Calorimetry (DSC)
The degree of crystallinity, X C , for the proton irradiated UHMWPE samples was determined from the ratio of the heat of fusion of the sample, ΔH FUS and heat of fusion for a 100% crystalline polyethylene, ΔH o FUS [24] (see equation 2). A value of 288 J/g was used as the heat of fusion for a 100% crystalline polyethylene [25] .
The degree of crystallinity as determined from DSC and the peak melting temperature for the first run are summarized in Table 1 . The degree of crystallinity increased slightly for the proton irradiated UHMWPE. Similarly, only a small variation is observed for the melting temperature of the irradiated samples. The difference in the degree of crystallinity estimated from DSC and WAXD data reflects the differential result of ionizing radiation on the crystalline phase, interface, and amorphous phase. 
Tab
Small Angle X-Ray Scattering (SAXS)
SAXS is an analytical technique used to determine the long period and lamellae thickness of the polymer. The analysis is based on Bragg's law stated by equation 3, where d is the distance between crystallographic planes, λ is the radiation wavelength, 2θ is the angle of scattering, and n is the integer order of reflection [23] . The momentum transfer, Q, is defined by equation 4, and the long period of the repeating unit (of the polymer [23] ) is expressed by equation 5, where q max is the momentum transferred at the maximum of the Lorenz plot [26] [27] [28] . Table 2 collects the crystallinity degree, W C,X calculated by using equation 1 and the long period L, determined from SAXS (see equations [3] [4] [5] [6] . The observed change in the long period appears to be independent of the deposited energy (and hence on the total integral dose) within experimental errors while W C,X decreases as the integral dose is increased.
The morphology of UHMWPE can be described efficiently by using a three-phase crystallite model (see Figure 2) . The three-phase crystallite model assumes the existence of three phases: amorphous, interfacial, and crystalline. The amorphous phase is a collection of disordered and entangled polymer chains. The crystalline region is a collection of chains that fold into organized orientations forming an orthorhombic crystal. The interfacial region is composed of slightly ordered chains at the interface of the crystal and the amorphous region. The thickness of the regions can be calculated by equation 6, where the long period, L, is multiplied by the crystallinity, α [19, 20] . DSC crystallinity is used to find the size of the crystal while WAXD is used to find the size of the crystal plus two interfacial regions. The changes experienced by each phase are collected in Table 4 . While the crystalline region exhibited small changes, considerable dimensional changes were observed for both interfacial and amorphous regions. The interfacial thickness decreased from 15.4 nm for non-irradiated UHMWPE to 8.1 nm for the sample irradiated with highest dose. Simultaneously, the thickness of the amorphous region increased from 13.6 to approximately 17.5 nm. The drastic changes in the interfacial region support the designation of this region as the loci for the generation of free radical and intermolecular crosslinking. The uptake of energy by the tie molecules leads to rupture and formation of free radicals. In certain cases, the chains are able to abstract a hydrogen and recrystallize, but most often the radical participate in the formation of crosslinking leading to increase in the size of the amorphous region. The findings presented here are supported by studies on gamma irradiated polyethylene proposed possible morphological changes at the interfacial region due the rupture of the tie molecules [25] and SAXS studies with gamma irradiated UHMWPE revealed dimensional changes of the interfacial region [3] .
Swelling
The swelling ratio is a relative measure of the degree of crosslinking in the gel phase. It is obtained from the ratio of the gel volume in the swollen and non-swollen states. Equation 7 is frequently used to calculate swelling ratio [29, 30] :
where g W is the weight of the swollen gel, is the weight after the swollen gel is dried, is the weight of the original sample, and K is the ratio of the density of the polymer to that of the solvent at the immersion temperature. [29, 30] .
The swell ratio and percent extractable for the proton and non-irradiated UHMWPE samples are summarized in Table 5 . The existence of a large degree of chain entanglement due the high molecular weight enabled the calculation of a swell ratio for the non-irradiated UHMWPE. The exposure of UHMWPE to proton irradiation leads to a decrease in swell ratio. In addition, the amount of extractables decreased with exposure to proton irradiation. The combination of low swell ratio and small amount of extractable suggest the formation of network structure based on intermolecular crosslinks. This effect appears to be weakly dependent on the dosage due to the complex evolution of UHMWPE subjected to irradiation. 
Tab. 5.
Dynamic Mechanical Analysis (DMA)
The molecular relaxation processes are very sensitive to the physical and chemical structure of polymers. The observed modifications of the crystallinity degree and average molecular mass upon irradiation are expected to determine important changes of dynamical properties. Dynamic mechanical analysis (DMA) is a technique used to study molecular relaxation processes in polymers. Popli et al. [17] identified three relaxations processes for polyethylene: α, β, and γ. The γ-relaxation process was associated with the low temperature molecular motions (-120 o C) in a localized area of the amorphous region. The β-relaxation defines molecular motions occurring also within the amorphous phase of the polymer, at higher temperatures (-30 o C;-10 o C) The α-relaxation was noticed at high temperature (below melting point, from 30 0 C to 120 0 C) and is associated with the crystalline phase of the polymer [22, 31] . The temperature of the α-relaxation process increases with the crystal lamellar thickness [17, 31] . Table 6 shows an increase in the activation energy of the γ-relaxation process for the proton irradiated UHMWPE samples. The increase of approximately 10 kJmol -1 in the energy barrier for the process is indicative of higher restriction to localized chain motion within the amorphous region. The combination of low swelling and small amount of extractables suggests that the increase of activation energy of the γ-relaxation process in proton irradiated UHMWPE derives from the increase of molecular motion hindrance generated by the increase of intermolecular crosslinks.
Tab. 6. Activation Energy for the γ-Relaxation. 
Conclusions
Low dose proton irradiation in the presence of oxygen leads to formation of intermolecular crosslinks in UHMWPE. The low dose irradiation produces morphological changes that involve a reduction in the thickness of the interfacial region and increase in the thickness of the amorphous region. Morphological changes depend on the integral dose.
However, there are differences between the crystallinity degree obtained from WAXD data and DSC data. While these discrepancies have been assigned to the interlayer (see Fig. 2 ) and analyzed within a three phase model, we cannot rule-out other potential contributions such as:
a. Cold crystallization (well documented in polymers). The cold crystallization contribution has to be subtracted from the measured enthalpy term of eq. 2).
b. Inhomogeneous degradation. As the samples have been stored in air (as soon as the irradiation ended) an inhomogeneous degradation with a superficially oxidized layer is possible. Again, DSC data are more sensitive to such an inhomogeneous degradation than WAXD data.
The experimental data indicate a dependence of the radiation behaviour of UHMWPE on the energy of the incoming beam, revealing the need for a more detailed analysis of the effect of the radiation component of the space environment during solar flares and solar activity periods.
Experimental part
Proton Irradiation Procedures
All UHMWPE samples (Tivar 1000 produced by Poly Hi Solidur) were machined into discs with a radius of 1.75-inch and thickness of 0.25-inch. The samples were irradiated with protons up to at a fluence of 3.6x10 17 proton sm -2 for 1561 seconds. This fluence is comparable to the fluence of protons trapped in the inner belt for a one year-mission at altitudes ranging between 1.2 and 3.2 r E (at this altitude proton's fluence is about 10 17 protonsm -2 per year), or with the fluence of protons at altitudes ranging between 3.2 to 7.0 r E for a week mission.
The incident energy and total dose for each sample is listed in Table 6 . The research aims to analyze the effect of the incoming proton energy on the radiation-induced degradation of UHMWPE. This is important as during solar flares the average energy of the incoming protons is suddenly increased.
Tab. 6. Irradiation dose and energy of incidence.
Energy of incidence (MeV)
Absorbed Dose (kGy) \172. 9 1.15 179. 5 1.08 185.9 0.96 198.0 0.94
The Linear Energy Transfer (LET) was estimated by using the standard SRIM program, with a corrected density for UHMWPE of about 9700 Kg/m 3 . The LET was estimated for incident and emergent faces of the sample and averaged. Both electronic and nuclear contributions were added. The energy deposited by the beam in each sample was calculated by multiplying the average LET with the thickness of the sample. PMMA spacers of different thickness were used between UHMWPE samples.
Wide Angle X-ray Diffraction (WAXD)
WAXD testing was conducted using the Philips X'Pert Pro Diffractometer. All scans were run with a 2θ range from 8º to 44º, a step size of 0.01 º/sec and scanning time of 1 second. The generator voltage and current were set at 45 kV and 40 mA at all times during the scans. The scans were made using an incident beam controlled by a cross-slit optical with an opening of 4 mm × 4 mm and a Programmable Receiving Slit (PRS) with an opening of 2 mm for the x-ray detector. Deconvolution of the x-ray diffraction pattern was performed using ProFit®.
Differential Scanning Calorimetry (DSC)
The samples were heated at a rate of 10 °C min -1 in a Mettler Toledo Differential Scanning Calorimeter DSC821 with a continuous nitrogen purge. The samples were heated from 40 0 C to 200 0 C followed by cooling at about 50 0 C min -1 to 40 0 C to allow recrystallization. A second heating cycle was then implemented using the same conditions. All samples used weighed between 7-10 mg and an effort was made to prepare the pieces of 7-10 mg of similar dimensions to avoid size effects [1] .
Small Angle X-Ray Scattering (SAXS)
The experiments were conducted using a 10-m SAXS camera located at the Solid State Division in Oak Ridge National Laboratory. The 10-m SAXS camera equipped with a two dimensional position-sensitive detector. The detector is 20 x 20 cm 2 with an element spacing of 3 mm [26] . The scattering vector (q) used was 0.0479 nm -1 to 0.9812 nm -1 . The scattering length is 5.119 m. The machine was calibrated using a 55 Fe radioactive isotope to remove background and cosmic radiation and electronic noise. The power setting was maintained at 40 kV and 20 mA.
Swelling
Swelling experiments were performed based on ASTM standard D 2765-95 [14] . A core of approximately 0.25-inches in diameter and 0.25-inches thick was used for swelling experiments. Each core was added to an 8-oz jar with 100 ml of xylene and placed in an oil bath at 110 o C. The core/xylene samples were left in the oil bath for 24-hours in order to reach equilibrium swelling.At the completion of the 24-hour period, the swollen cores were removed and placed into a clean weighing bottle. The bottle is weighed to the nearest 0.001g. The weighing bottles were subsequently placed into a vacuum oven at 100 0 C for 16-hours. After completion of the drying process the sample is weighed again to the nearest 0.001g.
Dynamic Mechanical Analysis (DMA)
Testing was done in a DMTA V from Rheometric Scientific. Testing was done from -150 0 C to 160 0 C at 1 0 C/min in tensile mode with a strain of 0.03%. Liquid nitrogen was used for cooling of the sample.
